Investigation of the segregation ratios of the self-incompatibility (S-) alleles in three sets of full-sib families of Papaver rhoeas shows that these ratios depart significantly from Mendelian expectation. This indicates that the S-locus is subject to an extra effect of selection over and above that due to incompatibility in these families, and suggests that this is probably the chief cause of the unequal 5-allele frequencies observed in the Ri 02 and the other natural populations we have examined. Since, however, the selective advantage of an allele depends on the allele with which it is segregating in all of the families examined, the relationship between these results and the unequal S-allele frequencies in populations appears to be complex. Furthermore, while in one family the extra effect of selection appears to be of the zygotic type, in the others it is of the gametic type -which, in most, involves the female gametophyte rather than the pollen. It is argued that the extra effect of selection is due to the linkage of the S-gene to one or more genes that are the chief target of this selection, rather than to pleiotropy. Though it is suggested that among candidates for linkage are genes controlling seed dormancy and albinism, the detection of an extra effect of selection acting on the female gametophyte and, in one case, on the pollen, implies that other genes of as yet unknown effect are more likely to be involved.
Introduction
In the previous paper, we discussed the hypothesis that the unequal S-allele frequencies in the British populations of Papaver rhoeas we have examined were caused by a sampling effect over and above that due to drift.
Despite the fact that it can take many generations before a population achieves equilibrium with respect to the frequencies of the alleles it contains after these have been perturbed, it was concluded that the size of these British populations was such as to limit opportunities for the kind of occasional sampling effect envisaged in this hypothesis. Thus, with the possible exception that non-random distribution of progeny size might inflate the variance of allele frequency caused by drift to an extent that could account for the magnitude of the unequal allele frequencies observed, the hypothesis that these are caused by some sort of samp-*Correspondence
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ling effect of a kind to be expected in a species occurring in distributed habitats now appears somewhat less likely than before (Lawrence etal., 1994) .
In this paper, we consider the alternative hypothesis that these unequal S-allele frequencies are caused by an extra effect of selection acting on some of the alleles in these populations, over and above that due to incompatibility. When this hypothesis was originally put forward, it was thought that this extra effect of selection could be due either to a pleiotropic property of these alleles or to their linkage to another gene that was the chief target of this extra effect of selection (Campbell & Lawrence, 1981) . However, since it has now been established that different S-alleles occur at a relatively high frequency in different populations, the possibility that this extra effect of selection is due to pleiotropy appears to have been effectively ruled out . Hence, if the unequal S-allele frequencies in our British populations are, in fact, caused by an extra effect of selection acting on the locus, this is more likely to be due to its linkage to another gene that is the chief target of this selection.
As was pointed out in our previous paper , it should be possible, in principle, to test this hypothesis by examining segregation ratios in families that are segregating for one allele, S1 say, that occurs at a relatively high frequency in the population from which the parents of these families were derived, and three alleles, S, Sk and S1, which occur at a relatively low frequency in that population. Suppose the cross giving rise to the family is SS>< SkSL. Then, if the relatively high frequency of S in that population is due to the fact that it is subject to a favourable additional effect of selection compared with S, Sk and S1, plants of genotype SISk and S1S1 should occur in greater numbers in the progeny than those of genotype 5J5k or S3 S. Furthermore, if the cross were made in reciprocal, it should be possible to find out whether this selection was of the gametic or zygotic type, the reciprocals being expected to be heterogeneous with respect to disturbed ratios with the former, but homogeneous with the latter.
In practice, it could be difficult to detect selection in families of a realistic size unless this selection was quite strong. In the course of carrying out the cross-classification of the S-alleles of each sample taken from our British populations against those of the others, we have raised most of the families produced by crossing the plants classified in the original diallel experiments (Campbell & Lawrence, 1981; Lawrence & O'Donnell, 1981) and have not infrequently found that the ratios in the four-class families deviated significantly from the expected 1:1:1:1 . Since, however, no more than 20 plants were ever raised in these families, a number which gives a high probability of a family containing at least one plant of each class, assuming that these classes are equally frequent (Lawrence et aL, 1978) , and not every plant was always fully classified in every family, these data are not suitable for our present purpose. Nevertheless, the results obtained from this large number of families did at least suggest that it might be possible to detect an extra effect of selection acting on the S-locus if a larger number of plants were to be raised in appropriate families.
In this paper, we report the results obtained from three experiments which suggest that the locus is, indeed, subject to an extra effect of selection, over and above that caused by incompatibility.
Materials and methods

The first experiment
The parents of the two families used in the first experiment were four of the 36 plants whose incompatibility genotype had been determined in the R102 diallel experiment carried out by Lawrence and O'Donnell (1981) . Thus, the parents of the first, Family 9, were plants 4 and 9, whose genotypes were S1S5 and S10S11, respectively, and those of the second, Family 11, were plants 2 and 28, whose genotypes were S354 and S16S19, respectively (Table 1) . S1 and S16 were two of the three most frequently occurring alleles in the R102 sample, each occurring seven times, whereas S3, S4, S5 and occurred only three times, SJ9 twice and S once (Table 4 of Lawrence & O'Donnell, 1981 , with the corrections shown in Table 2 of Lawrence et al., 1993) . Each of these families, therefore, was of the type described in the previous section in that, of the four alleles expected to segregate in them, one occurred at a relatively high frequency in the Ri 02 sample and the others at a relatively low frequency.
The intention was to raise 50 plants of each reciprocal in each family. In order to do this, it was first necessary to break the innate dormancy of the seed, which is a characteristic of all seed of this species of wild-type origin. Our standard procedure is as follows. Table 1 The pair of R102 families used in the first experiment; the pedigree numbers cross-reference the parents of these families to The preliminary classification of the plants of these families was carried out using the procedure described by Lawrence et al. (1993) , and the assignation of incompatibility genotypes to classes was accomplished by crossing plants from each of the four classes in each family to plants from other families that contained the same alleles as those of Families 9 or ii that were included in this experiment for this purpose.
The second experiment
The purpose of the second experiment was to examine segregation ratios in families produced from all three of the fully compatible crosses that are possible in a pedigree segregating for four alleles. The first of these, Family 9.0, was the same as Family 9 of the previous experiment, seed being taken from the same packet as that used to raise the plants of Family 9. The seed used to raise the other two families was obtained by crossing fully compatible plants from Family 9 of the first experiment, these crosses producing the seed of Families 9.3 and 9.4 (Table 2 ). Fifty plants were raised from the seed from each reciprocal of each of the three crosses. For reasons that will emerge, an attempt was made to break the dormancy of this seed only partially by using a sub-optimal acid treatment. All other technical details were the same as for the first experiment.
The third experiment
The ten families of the third experiment belonged to a pedigree established by crossing a pair of plants that were raised from the seed of Sutton's 'Shirley' cultivar of P. rhoeas. Though the seed of this cultivar lacks the dormancy of that from natural populations, its individuals are as self-incompatible as those raised from seed taken from natural populations. Three S-alleles were segregating in these families, which were arbitrarily labelled as S1, S2 and S3. Though it was subsequently discovered that S3 is identical to the Ri 02 allele of Family 9 of the previous experiments, the counterparts of S1 and 2 in this population are not yet known. It was possible to raise and classify a much larger number of plants than in the previous experi- (Tong, 1986) .
The chief purpose of raising these families over a number of seasons was to provide pollen and stigmas for our investigation of the molecular biology of selfincompatibility in this species (Franklin-Tong & Franklin, 1992; Franklin-Tong et at., 1988 , 1989 , 1990 , 1991 Foote et al., 1994) . These families, unlike those of the previous experiments, have effectively been chosen at random so far as the investigation of an extra effect of selection acting on the S-locus is concerned. The results presented here are a subset of a large body of data accumulated over eight seasons of work, with the requirement that no family should contain fewer than 30 fully classified plants.
Results
The first experiment
The results obtained from Family 9 are shown in Table  3 and those from Family 11 in Table 4 . Turning first to those from Family 9, it is immediately apparent that the Table 3 (a) The results obtained from Family 9 and (b) the analysis of these results; the cross giving rise to 9A was S1 S5 X S10 S11 and for the reciprocal 9B, S10S11 x 1 (a) numbers of plants in the four classes depart significantly from the expected 1:1:1:1 ratio. This departure is due solely to the excess of plants containing the S allele over those containing the alternative allele, S5, the ratio S1:S5 being 62:27. Furthermore, since the reciprocals are homogeneous in this respect, the extra effect of selection acting on the S-locus in this family appears to be of the zygotic kind. It will be recalled that S1 was one of the three most frequently occurring alleles in the R102 population from which the parents of this family originated. The results obtained from this family, therefore, are consistent with the hypothesis that the unequal allele frequencies in this population are due to an extra effect of selection acting on the locus over and above that due to incompatibility.
The results obtained from Family 11 (Table 4 ) are similar to those from Family 9 in that there is a highly significant departure of the numbers of plants in the four classes from the expected 1:1:1:1 ratio and that the reciprocals are homogeneous in this respect -suggesting, again, that the extra effect of selection is of the zygotic kind. In this case, however, this departure is due mainly to an excess of plants containing the S3 allele compared with those containing the alternative tContingency x2 values, which are the appropriate tests when the null hypothesis of equal numbers in each class has been rejected on the totals.
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S4 allele, the ratio S3: S4 being 69:18. In addition, there is also a just significant excess of plants containing S19 over those containing the ratio of the S19:S16 being 53:34, though this disturbance is not quite homogeneous over reciprocals. It is difficult to know what to make of these results.
The alleles in excess, S3 and S19, are not among the most frequent in the population from which the parents were obtained, but the allele which is the most frequent of the four in the R102 population, S16, is actually the least frequent in the family. Furthermore, since S3 is not the alternative allele to it is impossible to explain the high frequency of the S3 in the family in terms of a recombinational event between 16 and a gene which is the chief target of the extra effect of selection (though this possibility could go some way to explaining why plants containing S19 occur more frequently in the family than those containing Thus, while the results from this family indicate that the locus is subject to an extra effect of selection, it is not possible, as with those from Family 9, to relate them directly to the results obtained from our survey of the number and frequency of the alleles in the R102 population (Lawrence & O'Donnell, 1981) . Because this experiment was designed to investigate the possibility that the S-locus was subject to an extra effect of selection, special care was taken to avoid introducing any extraneous selection during the course of the experiment. Thus, all plants that flowered were fully classified and the only loss of material that occurred between the time when the seed was sown and when the plants were classified was due to the unfortunate destruction of 24 plants by pigeons shortly after they had been transplanted into open ground. Assuming, not unreasonably, that this predation was not selective with respect to the S-locus, the zygotic selection detected in both of these families must have occurred sometime between the fertilization of the ovules from which the seed used to raise these plants developed and this seed being sown.
It is possible that the extra effect of selection is due to differential mortality between zygotes while they are in the ovary. At the time, however, it was thought that a more likely cause of the disturbed segregation ratios observed in these families was that the S-gene was linked to a gene that controls seed dormancy since, in initiating this experiment, some difficulty was experienced in germinating the seed, presumably because a sub-optimal duration of acid treatment was used to break the innate dormancy of the seed, with the result that the percentage germination obtained was less than usual. The advantage of this hypothesis is that it is, in principle, testable. Thus, if the disturbed segregation ratios observed in these families are due to differential germination of the seed, it should be possible to eliminate this disturbance if the seed is treated in a way that results in 100 per cent germination. Conversely, if this is not the case we would expect the magnitude of this disturbance to be negatively related to germination percentage of the seed such that it increases as the germination percentage declines. This is a possibility which was investigated in the second experiment.
The second experiment
For reasons that will become apparent, it is convenient to consider first the results obtained from Family 9.0 (Table 5) . While the total numbers of plants falling into each of the four classes appear to be entirely consistent with Mendelian expectation, the ratio S1: S5 is just significantly heterogeneous over reciprocals, this ratio being 27:15 in 9.OA, but 19:27 in 9.013, though neither of these ratios departs significantly from the expected 1:1 ratio. The disturbance, therefore, that was detected in this family in a previous season, appears to be absent in the present data.
Analysis of the results from this family pooled over seasons, however, reveals that there is a highly significant overall excess of plants containing S1 compared with those containing S5, the ratio S :55 being 108 :69, and that this comparison is only marginally heterogenous over seasons (Table 6a ). This evidence suggests that the extra effect of selection acting on the S-locus is of the zygotic kind. However, analysis of the results from each reciprocal pooled over seasons
shows that the disturbance is confined to reciprocal A, where the ratio S1 :S5 is 58:25 (Table 6b) . Furthermore, not only is there no significant overall departure of the ratio S1 : S5 from the expected 1:1 ratio in reciprocal B, where the observed ratio is only 50:44, but this ratio is marginally heterogeneous over seasons (Table 6c) . On this evidence, therefore, the extra effect of selection appears to be of the gametic rather than the zygotic kind. Unfortunately, it is not possible to distinguish unambiguously between these The results obtained from Families 9.3 and 9.4 are shown in Tables 7 and 8 , respectively. In the case of Family 9.3, the sole cause of departure from Mendelian expectation is an excess of plants containing s in reciprocal B compared with those containing the alternative allele, S5, the ratio S5:S11 being 11:27. In Family 9.4, on the other hand, disturbed segregation ratios can be detected only in reciprocal A, where the ratio S1:S11 is 40:9. In each of these families, the reciprocals are significantly heterogeneous with respect to these ratios, so that in both, the disturbance appears to be of the gametic kind.
There are three further points worth making about the results of this second experiment. First, though it was intended to classify 50 plants of each reciprocal in each of the three families, some losses occurred. Some Table 7 (a) The results obtained from Family 9.3, (b) the analysis of the results from reciprocal A and (c) the analysis of those from reciprocal B; the cross giving rise to reciprocal A was SS111 x S5S1 and that for B was S5S11 x S S10 of these losses were due to the fact that in each family a proportion of the seed gave rise to albino seedlings (Table 9) , though the majority of these were replaced by wild-type siblings. The most serious losses occurred in Family 9.3 which contained a number of plants with aberrant phenotypes (Table 9) , due, no doubt, to the fact that this family (and Family 9.4) were the product of one round of inbreeding by sib-mating. All but two of the plants with dissected petals or that were male sterile were completely classified, the male sterile plants being used as females in the diagnostic pollinations. However, 27 of the plants in this family bore leaves which were glossy, rather than grey-green, and which were relatively undissected like those on the seedlings of young plants. Furthermore, all of these plants bore only a single flower which was frequently male sterile. Only four of these plants of 'juvenile' form could be classified for their incompatibility phenotype. The chief point here is that the losses of material which occurred in this experiment were due to natural causes rather than to those arising from our experimental procedure. Second, it will be recalled that because of the results obtained from the first experiment, an attempt was made in this experiment to only partially break the dormancy of the seed from which the plants of the three families were raised. The germination percentages of the seed given in Table 9 show that this attempt was successful. But there appears, with one possible exception, to be no obvious negative relationship between the germination percentage of this seed and the magnitude of disturbance of the segregation ratios in these families as measured by the Deviation x2.
Thus, despite the fact that there is a large and significant difference between the percentage germination of the seed of Families 9.OA and 9.OB, there was no evidence in either that the ratio of the numbers of plants in the four classes deviated from the expected Mendelian equality (Table 5) . Conversely, though the germination percentages of the seed of Families 9.3A and 9.3B are not significantly different, the segregation ratios are disturbed in 9.3B, but not in 9.3A (Table 7 ).
In Family 9.4, on the other hand, the relationship between the percentage germination of the seed and the magnitude of disturbance of the segregation ratios is as expected if, as suggested in the previous section, the S-gene is linked to another gene which controls seed dormancy. Thus, in this family, disturbed ratios were detected only in reciprocal A in which the percentage germination of the seed is significantly less than that of the seed of reciprocal B (Table 8 ).
There is, however, a difficulty with this argument. Suppose that the disturbed ratios in these families are, in fact, caused by linkage of the S-gene to another gene that controls seed dormancy. Then any additional selection arising from this cause would be of the zygotic kind. However, this selection can be detected only when germination of the seed is incomplete and is expected to disturb segregation ratios increasingly as the percentage germination of the seed declines. Suppose that the percentage germination of the seed in one reciprocal of a cross is, say, 70 per cent and in the other, only 30 per cent. Then, while we would expect to observe disturbed segregation ratios in the latter, we might not in the former, unless these families were very large. But any difference between reciprocals in respect of this disturbance would be ascribed to selection of the gametic kind. Hence, differences between reciprocal families in the germination percentage of their seed could be expected, in these circumstances, to mimic gametic selection even though the true effect of this selection was, in fact, zygotic. Only if the percentage germination of the seed is similar in each reciprocal can we be reasonably confident that differences between reciprocals in their segregation ratios are likely to be due to an extra effect of selection of the gametic kind, as is arguably the case with Family 9.3. Thus, while on balance the results from this experiment suggest that an extra effect of selection of the gametic, rather than the zygotic kind, is acting on the S-locus, this conclusion cannot be regarded as other than tentative.
The third and final point worth making about the results of this experiment concerns the source of the disturbance detected in these families. In Family 9.0, from the data pooled over seasons, the disturbed ratios are due solely to an excess of S over S5 in reciprocal A, which indicates that the source of this disturbance lies on the female side of the cross. The same is true of Family 9.3 except that in this case the unequal ratios are due to an excess of over S5. In Family 9.4, on the other hand, the disturbance is confined to the male side of the cross, where S1 pollen appears to be more successful than that bearing the alternative allele S11. Thus, of the six pairwise comparisons that can be made between the four alleles that are segregating in these families, only three have turned out to be significant, two involving the female and one the male side of the crosses giving rise to these families. It is convenient to defer further discussion of what these results may imply until after we have considered the results obtained from the third experiment.
The results obtained from seven families of Shirley poppies are shown in Table 10 . It is at once apparent that the numbers of plants falling into these classes deviate significantly from the expected 1:1 ratio in each reciprocal. In the case of reciprocal A, this is due to an excess of plants containing the S2 allele, the ratio S1: 2 being 219:282 (Table 10) , the families being homogeneous in this respect. In reciprocal B, the departure from the expected ratio is due to an excess of plants containing S, the ratio S1:S3 being 304:134 (Table 10) , though in this case, the families are not quite homogeneous in respect of this departure from equality. Since only one of the two kinds of pollen can function in a half-compatible cross, the disturbance in both reciprocals must lie on the female side of the cross. The results from reciprocal A show that female gametophytes containing S2 have an advantage over those containing S1, and those from reciprocal B show that those containing Si enjoy an advantage over those containing S3. This suggests that female gametophytes containing 2 should have a selective advantage over those carrying S3. The results obtained from three further families of Shirley poppies from the same pedigree as those just considered are consistent with this prediction (Table 11) . Thus, from the totals of these families, the ratio of plants containing 2 to those containing S3 is 111:58, which confirms that the rank order of these alleles, in terms of their selective advantage in female gametophytes, is 52> S1 > S3.
Discussion
The most surprising feature of the results we have obtained from the three experiments is the ease with Table 10 The results obtained from seven families of Shirley poppies; Cross A was S1 S2 x S1 S3 and the reciprocal, Cross B was S153 x S1S2 which it has been possible to detect an extra effect of selection acting on the S-alleles that are segregating in families of quite modest size. Furthermore, evidence of significantly disturbed segregation ratios is not confined to the wild-type families 9 and ii, since similar disturbances have been detected in two further Ri 02 families of similar size which, like families 9 and ii, were segregating for an aliele, S15, that occurred at a relatively high frequency and three other alleles that occurred at a relatively low frequency in this population (the results from which have not been presented here because their members were not fully classified with respect to their incompatibility phenotype). It could, of course, be argued that we have detected this selection in these wild-type families because they were specially selected for this purpose and that, had we examined a larger number of families chosen at random, few would have exhibited disturbed segregation ratios. However, the evidence from the Shirley families, which were not raised with this purpose in mind and which can be regarded, therefore, as having been chosen at random, is clearly not consistent with this view. Thus, it is difficult to avoid the conclusion that the S-alleles of this species are subject not only to the frequency-dependent selection which maintains the polymorphism, but also to an extra effect of selection.
We would not, of course, have detected this extra effect of selection unless it was quite strong. It is worthwhile, therefore, estimating its strength in the usual way. A convenient way of specifying fitness when estimates are obtained from full-sib families that originate from the cross SS X SkS1 is:
Total n n where s1 is the coefficient of selection in respect of the maternal alleles S and 5, and s2 is, similarly, the coefficient of selection in respect of the paternal alleles Sk and S1. We note that this model has the convenient property that the sum of the fitnesses over genotypes is unity. Estimates of these coefficients may be obtained as follows:
Only the maternal alleles need to be considered with two class families.
Estimates of the fitnesses of alleles for pairs whose ratio departed significantly from 1:1 are shown in Table 12 . There are two points worth making about these estimates.
(1) None of the alleles we have examined is selectively neutral in all of the families we have examined. (2) The advantage or disadvantage of an allele appears, in general, to depend on the alternative with which it segregates. Thus, while S1 appears to have an advantage over S5 in Family 9.OA and a somewhat greater advantage over its alternative, S11, in Family 9.4A, it appears to be selectively equivalent to S10 in Family 9.3B. Again, while has an advantage over S5 in Family 9.3B, it has none over in Family 9.OA and, as previously noted, is disadvantageous to S1 in Family 9.4A. In the Shirley families, however, there is, as was pointed out in the previous section, a consistent relationship between the three alleles that occur in these families such that their rank order, in terms of their selective advantage, is S2> S1 > S3. However, it is likely that had more alleles been examined in this Shirley cultivar (at least three more have been identified), it would not have been possible to have arranged them in a linear order. Now, when the hypothesis for which these experiments were designed to test was first advanced, namely, that the unequal allele frequencies in the natural populations we have investigated were due to an extra effect of selection acting on the locus over and above that due to incompatibility, it was thought that only a few alleles could enjoy an advantage, that any extra effect of selection would be confined to the pollen (and, hence, be of the gametic type), and that any advantage would be unconditional (Campbell & Lawrence, 1981) . The results we have obtained from this investigation are clearly at variance with these expectations. Thus, all of the alleles we have examined appear to have an advantage or disadvantage in at least one of the families we have raised. Again, while this selection appears to be of the gametic type in Family 9 and those of the Shirley cultivar, with the exception of Family 9.4A, this appears to involve the alleles from the female side of the cross, rather than the pollen. In Family 11, on the other hand, the extra effect of selection appears to be of the zygotic, rather than the gametic kind. Hence, the advantage or disadvantage of an allele appears, in general, to depend on the allele with which it is segregating, rather than being unconditional, and more than one type of selection appears to be involved. Thus, assuming, not unreasonably, that the extra effect of selection that we have detected in these families also occurs in the population from which the parents of the wild-type families originated, its effect on allele frequencies must be much more complex than we have hitherto supposed.
The occurrence of an extra effect of selection is not, by itself, a sufficient cause of unequal allele frequencies. It is possible, for example, that while a particular allele has a selective advantage over some of the other alleles in the population, it is at a selective disadvantage with the remainder, such that its net advantage when summation takes place over all other alleles is zero. If this were to be the case, the frequency of the allele in the population would be expected to be the same as in the absence of this selection. Only if the allele has a net advantage (or disadvantage), as a result of this selection, would its frequency in the population be expected to be greater (or less) than in its absence. We need to demonstrate that this is indeed the case, therefore, if we are to invoke an additional effect of selection as a cause of the unequal allele frequencies that we have detected in our natural populations. The present data can hardly be regarded as sufficient for this purpose since, for obvious reasons, we have been able to examine only a very small number of pairwise comparisons between alleles. Nevertheless, it is perhaps encouraging that S, one of the alleles that occurs at a relatively high frequency in the R102 population, appears to have a net selective advantage over Observed number Expected number
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the three alleles with which it has been compared in Family 9 (Table 12 ).
The other chief point worth making about these results concerns the strength of this selection. In previous papers, we have pointed out that the strength of the frequency-dependent selection which maintains the polymorphism becomes attenuated as the number of alleles in the population increases Lawrence et aL, 1994) . In populations containing 35-40 alleles, as the populations we have examined appear to do , the strength of this frequency-dependent selection must be quite weak. Yet, the fitness estimates given in Table 12 suggest that the extra effect of selection acting on the relatively small number of alleles we have examined can be quite strong. It follows, therefore, that this extra selection is likely to have a much bigger effect on allele frequencies than that involved with incompatibility in populations that contain more than a small number of alleles.
Finally, we must consider the cause of this extra effect of selection. When discussing the results of the first experiment, in which (because the disturbed segregation ratios were homogeneous over reciprocals) the extra selection appeared to be of the zygotic kind, it was suggested that disturbance was caused by the linkage of the S-gene to another that controlled seed achieved fairly quickly, the magnitudes of the fitness differences detected in the Shirley families suggest that it should be fairly easy to detect differences in S-allele frequencies in the early generations before equilibrium is established.
